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SPECIAL TOPIC — Recent advances in thermoelectric materials and devices
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Nanocomposite is proved to be an effective method to improve thermoelectric performance. In the present study,
graphene is introduced into p-type skutterudite Lag gTig ;Gag.1Fe3CoSbi, by plasma-enhanced chemical vapor deposi-
tion (PECVD) method to form skutterudite/graphene nanocomposites. It is demonstrated that the graphene has no obvi-
ous effect on the electrical conductivity of Lag gTiy jGag 1 Fe3CoSby,, but the Seebeck coefficient is slightly improved
at high temperature, thereby leading to high power factor. Furthermore, due to the enhancement of phonon scatter-
ing by the graphene, the lattice thermal conductivity is reduced significantly. Ultimately, the maximum z7" value of
Lag gTig.; Gag.1 Fe3CoSby,/graphene is higher than that of graphene-free alloy and reaches to 1.0 at 723 K. Such an ap-
proach raised by us enriches prospects for future practical application.

Keywords: skutterudites, graphene, nanocomposites, thermoelectric properties
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1. Introduction

It is of great importance to develop clean and renew-
able energy sources due to the environmental pollution and re-
source shortage. Thermoelectric materials are most promising
alternatives with the capacity of directly converting heat into
useful electricity based on the Seebeck effect.!!?! Despite the
great success in the commercialized application in the space
exploration,®! the performance of thermoelectric devices is
suffered from the low conversion efficiency. The thermoelec-
tric conversion efficiency is mainly determined by the dimen-
sionless figure of merit zT = S>6T/k, where S is the Seebeck
coefficient, ¢ is the electrical conductivity, T is the absolute
temperature, K is the total thermal conductivity composed of
the lattice thermal conductivity ki and electronic thermal con-
ductivity k.. Since the concept of phonon glasses and elec-
tron crystal was put forward, the filled skutterudites with high
power factor, relative low thermal conductivity and excellent
mechanical properties have been regarded as the promising
mid-temperature TE materials.[4-6]

The filling elements, such as rare earth, alkali metals, al-

kali earth and other species, [”8]

into interstitial voids not only
tune the carrier concentration by the donor doping, but also
reduce the lattice thermal conductivity by strengthening the
phonon scattering. Therefore, thermoelectric properties have
been remarkably improved, especially for n-type skutteru-

dites. The maximum z7 value about 1.8 is obtained by adding
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Ing 4Co4Sby> to triple-filled (Sr, Ba, Yb),Co4Sb, and using
high energy ball-milling method.[®! As high-performance ther-
moelectric devices, both p-type and n-type materials with high
zT values are needed. However, the reported zT values of p-
type filled skutterudites are lower than z7 values of n-type
skutterudites.'%-1°1 Therefore, development of zT' values in
p-type skutterudites remain challenging.

Nanocomposite is proved to be an effective method to im-
prove the thermoelectric properties.?%->31 Carbon-based ma-
terials have been selected as a second phase to boost the ther-
moelectric properties. Shi et al.!>*?>! reported the effect of
fullerence (Cgp) on the thermoelectric properties of CoSbs
or Ba,Co4Sby>. In such materials, the lattice thermal con-
ductivity reduced due to the enhanced scattering of phonon.
Feng et al.?%! fabricated the CoSbs/graphene nanocomposite
by an in situ solvothermal route combined with hot pressing,
remarkable increasing z7 value. Such an outstanding per-
formance could be attributable to the reduced lattice thermal
conductivity and remarkable increased power factor induced
by the nanostructured matrix and the second phase incorpora-
tion. Wan et al.!?’! found that the flexural strength and frac-
ture toughness of the CeFe4Sb;, materials improved by intro-
ducing short carbon fibers while little impact on the thermo-
electric performance. Zhang ef al.*®! assembled SKDs with
both single- and multi-walled carbon nanotubes via a cryo-
genic grinding technique to enhance the thermoelectric and
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mechanical properties. Recently, Zong et al.!**>" reported
the skutterudites-based composites by uniformly mixing the
hydrophilic graphene oxide and skutterudites and followed by
in situ reduction with spark plasma sintering. The result indi-
cated that the introduction of graphene had minimal effect on
the electrical properties, but evidently suppressed the lattice
thermal conductivity, leading to enhanced figure merit of z7 .

From this perspective, this study shows an improved zT
value in skutterudites with the addition of graphene by plasma-
enhanced chemical vapor deposition (PECVD) method. The
purposely designed skutterudite/graphene nanocomposites ex-
hibit higher Seebeck coefficient and lower lattice thermal con-
ductivity than pure skutterudite.

2. Experiment section
2.1. Sample synthesis

High-purity elements of La ingot (99.9%, Alfa Aesar), Ti
wire (99.9%, Alfa Aesar), Ga ingot (99.9999%, Alfa Aesar),
Fe ingot (99.99%, Alfa Aesar), Co ingot (99.9%, Alfa Ae-
sar), Sb balls (99.99%, Alfa Aesar) were weighted according
to the stoichiometric ratio of Lag gTig.1Gag ;FezsCoSb,. The
mixture were put into the graphite crucible and then sealed in
quartz tube under vacuum (1073 Pa). The above procedures
were operated in Ar-filled glove box. The sealed quartz tube
was slowly heated to 1423 K and held for 3 h before quenching
in water and then annealed at 973 K for 100 h in the muffle fur-
nace. The obtained ingot was successively polished, cleaned,
dried and finally ground into fine powders. The obtained pow-
ders were put into PECVD setup. Under flowing reaction gas
mixtures (Ar:CHy = 90:50), the graphene grew on the surface
of skutterudite powders with working pressure 500 Pa and ra-
dio frequency power 200 W at the temperature 600 °C for
30 min. The obtained composite powders were loaded in the
graphite die with a diameter of 12.7 mm and hot-pressed at
923 K for 1 hour under the pressure of 90 MPa and vacuum of
5 x 1073 Pa. Ultimately, high-densified bulk composite sam-
ple of Lag gTip.1Gag.1FezCoSb,/graphene was obtained. For
comparison,the skutterudite sample was prepared by a similar
route without the addition of graphene.

2.2. Sample characterization

The composition of skutterudite/graphenepowders was
determined by Raman spectroscopy, and phase structure of
bulk sample was analyzed by x-ray diffractometer (XRD)
with a PANalytical X Pert Pro using Cu—Ka radiation (A =
1.5418 A) and the scanning velocity of 3° per minute. The
bars with dimension of 2 nm X 2 nm x 10 mm were prepared
for the measurement of Seebeck coefficient and electrical con-
ductivity from room temperature to 773 K under helium atmo-
sphere on a device (CTA). The disks with diameter of 12.7 mm

and thickness of 2 mm were used to measure the thermal dif-
fusivity. The total thermal conductivity (x) could be calcu-
lated using the relationship of k¥ = D x Cp X p, where D is
thermal diffusivity evaluated from room temperature to 773 K
with flowing argon gas on the Netzsch LFA457, Cp is specific
heat determined using DSC system (Netzsch DSC 404), and p
is density measured by the Archimedes method. The density
of Lag sTig.1Gag.1Fe3CoSbj,/graphene sample and graphene-
free sample is 7.66 g/cm? and 7.65 g/cm?, respectively. The
relative densities of all samples are higher than 96%. The un-
certainty for the electrical conductivity is 3%, the Seebeck co-
efficient is 5%, the thermal conductivity is 7%. So, the com-
bined uncertainty for the power factor is 10% and that for zT
value is ~12%.

3. Results and discussion

Figure 1 shows the Raman spectra of Lag gTig ; Gag 1 Fes-
CoSb; and LaggTig.1Gag.1FesCoSbiy/graphene composite
powders. Compared to graphene-free powders, it can be seen
that two characteristic peaks of graphene are presented at
1340 cm™! and 1580 cm~! for composite powders, which are
corresponded to the D and G peaks, respectively. This indi-
cates that graphene is successfully grew on the surface of skut-
terudite powders by the PECVD method.
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Fig. 1. (color online) Raman spectra of skutterudite and skutteru-

dite/graphene composite powders.

Figure 2 shows the x-ray diffraction patterns of skutteru-
dite/graphene composite. The peak located at 26 around 26°
indicates that a small amount of graphite phase occurred for
the composites. From the results of Raman spectra and XRD,
it can be concluded that the graphene is successfully intro-
duced into skutterudite matrix. The lattice parameters of all
samples determined by refined XRD data and the real filled
fraction obtained via polyzonal EDS results are listed in Ta-
ble 1. The similar lattice constant and real composition of both
samples illustrate that the graphene is located in the boundary
without causing the lattice distortion.
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Figure 3 shows the temperature-dependent electrical
properties of the Lag gTig.;Gag.;Fe3CoSbjp/graphene sample
and graphene-free sample. As shown in Fig. 3(a), the electrical
conductivity ¢ shows similar values in the range of measure-
ment temperature. Meanwhile, the electrical conductivity is
decreased with increasing temperature for both samples, dis-
playing typical degenerating semiconductor behavior.
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Fig. 2. (color online) XRD patterns of the sintered skutterudite/graphene
sample.
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Fig. 3. (color online) Temperature-dependent electrical properties of skut-

terudite and skutterudite/graphene samples (a) electrical conductivity, (b)

Seebeck coefficient, (c) powder factor.

Figure 3(b) shows the temperature-dependent of See-
beck coefficient for Lag gTig 1 Gag.1FesCoSb,/graphene sam-
ple and graphene-free one. Both samples show positive
value of Seebeck coefficient S, indicating p-type semicon-
ductor. It is clearly seen that Seebeck coefficient keeps al-
most same below 473 K for both samples. However, for
Lag gTip.1 Gag 1 Fe3CoSb,/graphene sample, the Seebeck co-
efficient is slightly higher than that of reference sample above

473 K.

Table 1. La actual filling fraction and lattice parameter for skutteru-
dite/graphene and skutterudite.

Nominal composition La (actual filling Lattice parameter/A

fraction)
Lag g Tip.1 Gag.; Fe3CoSbj,/graphene 0.68 9.110
La()_gTi()_| Gao_1 F63COSb12 0.70 9.113

According to the above electrical conductivity and See-
beck coefficient, the power factors of the both samples are ob-
tained using the relationship PF = S as shown in Fig. 3(c).
The LaggTip.1Gag.1FezCoSbyy/graphene sample shows the
slightly improved power factor above 473 K due to the similar
electrical conductivity and slightly enhanced Seebeck coeffi-
cient.

Figure 4 shows temperature-dependent thermal con-
ductivity of LaggTig.1Gag.1Fe3;CoSby,/graphene sample and
graphene-free sample. From Fig. 4(a), it can be seen that
the total thermal coductivity k for both samples has similar
trend, which is first reduced and then increased with increasing
temperature due to the Umklapp scattering and bipolar effect.
Both samples have almost same thermal conductivity temper-
ature below 373 K. However, the total thermal conductivity of
Lag gTig.1 Gag.1 Fe3CoSbj,/graphene sample is evidently lower
than that of graphene-free one above 373 K. This interest-
ing phenomenon is also same with the Seebeck coefficient.
The electrical thermal conductivity k. is calculated by the
Wiedemann—Franz law (k. = LooT), where L is the Lorentz
numbers and often considered to be 2 x 1078 V2.K~2.[31]
The lattice thermal conductivity ki, can be obtained by sub-
tracting electronic thermal conductivity k. from k. Fig-
ure 4(b) depicts the lattice thermal conductivity ki, as a func-
tion of temperature for LaggTig.1Gag.1Fe3CoSbjy/graphene
and graphene-free samples. Compared to reference sample,
the Lag gTip.1Gag.1FezCoSbyy/graphene sample has a lower
lattice thermal conductivity. It can be considered that graphene
introduced by PECVD method significantly reduces the lattice
thermal conductivity due to the enhanced phonon scattering.

Figure 5 shows the temperature-dependent of z7 value
for the graphene and graphene-free skutterudite samples.
While the temperature is below 523 K, the z7 values of
Lag gTip.1 Gag. 1 Fe3CoSb,/graphene sample and the graphene-

free one are comparable. However, the z7 value of the
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Lag gTig.1Gag 1 FesCoSbyao/graphene sample is significantly
higher than that of reference sample above 523 K. The dif-
ference is consistent with the trend of Seebeck coefficient,
power factor and lattice thermal conductivity. At 723 K, the
maximum zT value of the Lag g Tig | Gag.; Fe3CoSbj,/graphene
sample is about 1.0 and increases by 25 % compared with
graphene-free one.
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Fig. 4. (color online) Temperature-dependent thermal properties of skut-
terudite and skutterudite/graphene samples: (a) total thermal conductivity,
(b) lattice thermal conductivity.
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Fig. 5. (color online) Temperature-dependent z7" values of skutterudite
and skutterudite/graphene samples.

4. Conclusions

Graphene is successfully introduced into skutterudite
by a PECVD method. The introduction of graphene has
no obvious effect on the electrical conductivity of p-type
Lag gTip.1Gag,1Fe3CoSby, skutterudite, but remarkably en-

hanced Seebeck coefficient and decreased lattice thermal con-

ductivity, leading to the high power factor and low total ther-

mal conductivity especiallyat high temperature. Ultimately,

the zT value is improved from 0.8 to 1.0 due to the addition of

graphene.
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